A novel low-temperature method based on a combination of pulsed laser deposition and metalorganic chemical vapour deposition was used to fabricate GaN thin films doped with rare-earth (RE) ions. The films were deposited on GaN/Al 2 O 3 substrates. The x-ray diffraction analysis of these GaN : RE (RE = Eu, Tb) samples showed that the films have the hexagonal phase of GaN and are polycrystalline with strong texture along the [0 0 1] direction. Cathodoluminescence spectra acquired at room temperature show the near band edge emission of GaN and the corresponding emission lines of the intra-shell transitions of either Eu 3+ or Tb 3+ ions.
Introduction
The wide band gap semiconductor GaN activated with RE ions (GaN : RE) is being extensively studied because of the widespread applications in novel optoelectronics. A large variety of light emitting devices, such as thick dielectric electroluminescent devices [1] , planar electroluminescent devices [2] and a red emitting laser diode [3] , are based on RE activated GaN. Also, patterned GaN : Er films have been proven to be a high density optical data storage element [4] . Recent experiments with Eu and Gd activated GaN revealed interesting ferromagnetic properties that could lead to the integration of optical and magnetic microelectronic devices [5] . All these applications are promising solutions to reduce the energy consumption for illumination and the increasing demand for data storage.
The RE ions can be added to GaN in two ways: ex situ or in situ. High-energy ion implantation is the most employed technique for ex situ RE activation of GaN and many studies have been performed by this method [6] [7] [8] [9] [10] [11] . On the other hand, in situ RE activated GaN has been fabricated by molecular beam epitaxy (MBE) [12] [13] [14] [15] , metalorganic chemical vapour deposition (MOCVD) [16] , metalorganic vapour phase epitaxy (MOVPE) [17] , magnetron sputtering [18, 19] and, recently, by pulsed laser deposition (PLD) [20] .
Due to their characteristic emission colours, Eu 3+ and Tb 3+ ions were selected as activators in these experiments of GaN : RE fabrication. Eu 3+ has been effectively added to GaN, and strong red emission centred at 622 nm ( 5 D 0 → 7 F 2 ) has been observed from powders and films synthesized by several fabrication methods [10, 11, 13, 15, 16, 20, 21] [8, 14, 22, 23] .
In this paper we present a new low-temperature technique for in situ RE doping of GaN thin films. This procedure consists of a combination of PLD and MOCVD growth techniques. By means of this procedure it is possible to grow GaN : RE at room temperature. In the following sections, results of successful activation of GaN films with Eu 3+ and Tb 3+ ions are presented. GaN : Eu and GaN : Tb films fabricated by PLD/MOCVD show cathodoluminescence (CL) emission at room temperature. All samples exhibit near band edge (NBE) emission of the GaN host besides the corresponding characteristic RE emission lines. Figure 1 shows the PLD/MOCVD system used for the deposition of GaN : RE thin films on GaN/Al 2 O 3 (0 0 0 1) substrates. In this system the source material was pure GaN powder (Alfa Aesar 99.99%) pressed into a ceramic target. For PLD deposition of GaN, the ablation source was the 3rd harmonic of a pulsed YAG : Nd laser, λ = 355 nm (SpectraPhysics model INDI-40HG). The beam was focused onto the target surface to produce an energy fluence of ∼3 J cm −2 and the repetition rate could be varied from 1 to 10 Hz. During the deposition, the substrate was rotated counterclockwise at 8 rpm while the GaN ablation target was rotated clockwise at 20 rpm. The substrate to target distance was fixed at 40 mm. The N 2 pressure in the chamber was maintained at 400 mTorr. In this system, the substrate holder temperature can be set in the range of room temperature to 900
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• C. Simultaneously with the PLD growth process described above, a MOCVD bubbler containing a metalorganic precursor was used to deliver RE ions to the growing GaN film. The MOCVD precursors used in these deposits were tris(2,2,6,6-tetratmetyl-3,5-heptanedionate)europium (III) for Eu or tris(2,2,6,6-tetratmetyl-3,5-heptanedionate) terbium (III) for Tb addition (Strem Chemicals (99.9%)). In both cases, N 2 (99.9999%) was used as the carrier gas. During the deposition the MOCVD bubbler temperature was maintained at 135
• C and the manifold was heated to 145
• C to avoid condensation. The N 2 flow rate could be controlled between 0 and 500 sccm. The mixture of RE ions and N 2 gas was introduced into the vacuum chamber through a 3 mm stainless steel nozzle directed to the substrate. The as-deposited films were dark grey, but after 40 min of annealing at 950
• C in a tube furnace with a 200 sccm NH 3 flow the films became white. The deposition parameters are shown in table 1.
The morphology and thickness of the samples was analysed with a scanning electron microscope (JEOL JSM-5300). The microscope was equipped with an energy dispersive spectroscopy (EDS) probe (INCAEnergy, Oxford Instruments Nanoanalysis) which was used to estimate the RE dopant concentrations. X-ray diffraction (XRD) measurements were performed (with Phillips X'Pert). For the CL measurements the films were introduced into an ultrahigh vacuum chamber with a 10 KeV electron gun (Kimball Physics); the CL emission was collected with a spectrometer consisting of a 0.18 m monochromator and a thermoelectrically cooled CCD (Jobin-Yvon). All measurements were performed at room temperature.
Results and discussion
For all experiments, three deposition parameters were explored to determine the influence on the resultant RE dopant concentration in the film as shown in table 1. The first parameter is the substrate temperature. Room-temperature grown films have a higher RE concentration than those films grown at 650
• C, as shown for the Tb-doped samples in table 1. This system showed good results for low-temperature deposition. Secondly, the carrier gas flow (N 2 ) regulates the flux of RE ions impinging the substrate surface and consequently the RE concentration in the film is nearly directly proportional to the flow rate. Table 1 shows that the Tb concentration increased from 0.47 to 0.85 at% when the carrier gas flow rate increased from 100 to 190 sccm. However, a comparison of these samples with Eu-doped samples is not possible because of the different vapour pressures of the MOCVD precursors used for Tb or Eu addition. Finally, the laser repetition rate, which controls the flux of GaN striking the substrate surface, was varied. It was used to control the film thickness and in combination with the MOCVD carrier gas flow to determine the final RE concentration in the films.
Scanning electron microscopy (SEM) micrographs of cross-sectional views of the films were used to determine the films thicknesses. The surface morphology of the thin film sample GaN : Eu-2 can be observed in the micrograph of figure 2(a). Figure 2(b) shows the cross-section of the same film in which an average thickness of ∼1.7 µm was measured. The Eu concentration in this film was 0.55 at% (by EDS measurement). In figure 2(c) the surface morphology of the sample GaN : Tb-1 can be observed. Figure 2(d) shows the cross-sectional view of the sample; this film is ∼3.2 µm thick. The Tb concentration of the sample GaN : Tb-1 is ∼0.1 at%. In general, all these films are formed by conglomerates of submicrometre-sized particles (∼0.3 µm); this film morphology is produced by high N 2 pressure deposition. A reduction in the N 2 background pressure will lead to smooth transparent films [24] . This condition can be achieved by increasing the pumping capacity of the vacuum system and is one of our next steps to improve the quality of our films.
The XRD patterns of an Eu activated film (GaNEu-2) and a Tb activated film (GaN : Tb-1) are shown in figure 3 . Both samples show a hexagonal GaN phase with high preferential growth orientation along the [0 0 1] direction. Despite the rough surface observed by SEM, these films have high crystalline quality, which was confirmed by the full width half maximum (FWHM) of the (0 0 2) reflection rocking curve. For GaN : Eu the FWHM is only 0.18
• and for GaN : Tb the FWHM is 0.20
• : these values are comparable to those reported for GaN : RE grown by MBE [14, 21] .
The CL emission spectrum of the GaN : Eu-2 film is shown in figure 4(a) [17] . The broad peak at around 365 nm corresponds to the NBE emission of GaN; the presence of NBE at room temperature indicates the good crystalline quality of the GaN matrix [25] .
Conclusions
A novel low-temperature method based on a combination of PLD and MOCVD was developed for the synthesis of GaN thin films doped with rare-earth (RE) ions. The luminescent films were deposited on GaN/Al 2 O 3 substrates. XRD analysis of these GaN : RE (RE = Eu,Tb) samples showed that the films have the hexagonal phase of GaN and are polycrystalline with strong texture along the [0 0 1] direction. CL spectra acquired at room temperature showed the band edge emission of GaN and the corresponding red or green emissions originated within the intra-shell transitions of either Eu 3+ or Tb 3+ ions, respectively. We developed a low-temperature method for the synthesis of RE-doped GaN luminescent films.
